Progress in nanomedicine depends on the development of nanomaterials and targeted delivery methods. In this work, we describe a method for the preferential targeting of gold nanoparticles to a tumor in a mouse model. The method is based on the use of the pH Low Insertion Peptide (pHLIP), which targets various imaging agents to acidic tumors. We compare tumor targeting by nonfunctionalized nanogold particles with nanogold-pHLIP conjugates, where nanogold is covalently attached to the N terminus of pHLIP. Our most important finding is that both intratumoral and i.v. administration demonstrated a significant enhancement of tumor uptake of gold nanoparticles conjugated with pHLIP. Statistically significant reduction of gold accumulation was observed in acidic tumors and kidney when pH-insensitive K-pHLIP was used as a vehicle, suggesting an important role of pH in the pHLIP-mediated targeting of gold nanoparticles. The pHLIP technology can substantially improve the delivery of gold nanoparticles to tumors by providing specificity of targeting, enhancing local concentration in tumors, and distributing nanoparticles throughout the entire tumor mass where they remain for an extended period (several days), which is beneficial for radiation oncology and imaging. membranes | nanoparticle targeting | tumor acidity T argeting of therapeutic nanoparticles could reduce side effects in treating cancer, as most antitumor drugs are toxic, killing not only tumor cells but also causing serious damage to healthy cells. One significant difference between tumors and normal tissues is that the former exhibit an acidic extracellular environment (1) . Acidosis is a hallmark of tumor development both at very early and advanced stages (2, 3) , as a consequence of anaerobic metabolism (the Pasteur effect) (4), the activity of carbonic anhydrases IX and XII (5), and the "aerobic glycolysis" known as the Warburg effect (6) . Thus, the targeting of most solid tumors might be achieved by using pH-sensitive drugs and delivery systems.
We have been developing a unique approach for targeting acidic tissue, based on the family of pH (Low) Insertion Peptides (pHLIPs). pHLIPs are water-soluble, moderately hydrophobic polypeptides originally derived from the bacteriorhodopsin C helix. A pHLIP is triggered by acidity to fold and insert across a membrane to form a stable transmembrane alpha helix (7) . At neutral pH, pHLIP is in equilibrium between soluble and membrane-bound unstructured forms, whereas in a low-pH environment, the protonation of negatively charged residues (Asp or Glu) (8, 9) enhances peptide hydrophobicity, increasing the affinity of the peptide for the lipid bilayer and triggering peptide folding and subsequent membrane insertion (8, 10) . The Gibbs free energy of pHLIP binding to a 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) from Avanti Polar Lipids liposome surface at 37°C is about -7 kcal/mol near neutral pH, and the additional free energy of folding and insertion across a lipid bilayer at low pH is nearly -2 kcal/mol (11) . Thus, the affinity of the peptide for a membrane at low pH is several times higher than at neutral pH, allowing pHLIP to distinguish and mark acidic diseased tissue (8, 10, 12, 13) . We have shown that the N terminus of pHLIP stays outside of the bilayer, whereas the C terminus inserts across the lipid bilayer at low pH (14, 15) .
Small molecules (mostly imaging agents) covalently conjugated with the N terminus of pHLIP can be delivered to tumors where they are tethered to cell surfaces at low pH (12, 13, 16) . As a control for pH targeting in vivo we have used K-pHLIP, where the Asp residues in the transmembrane part of a pHLIP are replaced by Lys residues. K-pHLIPs lack pH-dependent insertion into liposome phospholipid bilayers or cell membranes in vitro or in vivo (12, 13, 16) . K-pHLIP labeled with fluorescent dyes and PET and Single-Photon Emission Computed Tomography (SPECT) agents show no targeting of tumors compared with the WT-pHLIP (12, 13, 16, 17) . pHLIP peptides conjugated with optical and PET imaging probes are listed as pH targeting agents in the Molecular Imaging and Contrast Agent Database, National Center for Biotechnology Information. The results of a study demonstrating tumor targeting by SPECT-pHLIP has been published recently (17) .
Davies et al. recently reported the pHLIP-mediated, pH-controlled delivery of 13 nm water-soluble gold nanoparticles coated with luminescent europium into human platelets in vitro (18) . In related work presented here, we show that pHLIP not only induces the binding of 1.4 nm gold nanoparticles to cancer cells at acidic pH in vitro but also that it stabilizes binding in tumors established in mice. Gold is an inert and nontoxic material with unique properties suitable for many applications such as cancer diagnosis and treatment (19) (20) (21) . For example, the irradiation of gold atoms at their k-edge excitation energy (soft X-rays) will generate Auger electrons or highly reactive species that may produce a clinically achievable dose enhancement of as much as 10-fold, capable of local inactivation of biological molecules (22, 23) . The targeted delivery of gold to diseased tissue that we demonstrate here could lead to the successful application of gold nanoparticles in the diagnosis and treatment of tumors.
Results
Biophysical Studies. Changes of tryptophan fluorescence and CD spectral signals can be used to monitor pHLIP binding to a membrane lipid bilayer at neutral pH and insertion at lower pH (7) . We found that nanogold attached to pHLIP significantly quenches tryptophan fluorescence, making it unreliable for use in monitoring pHLIP insertion into a membrane (nevertheless, a wavelength shift of the tryptophan fluorescence maximum was observed). Because gold nanoparticles are achiral in the UV range (24) and do not interfere with the CD signals of a peptide, we used the CD spectra of gold-pHLIP to study peptide-bilayer interactions. Our data show that pHLIP attached to nanogold is predominantly unstructured at pH 8.0 in the absence or presence of liposomes, whereas we observed helix formation at low pH in the presence of POPC liposomes ( Fig. 1 ). Thus, we conclude that the attachment of gold nanoparticles to the N terminus of pHLIP did not interfere with the ability of the peptide to form a helical structure interacting with the membrane at low pH. Based on our other studies, we interpret these data to indicate that the pHLIP inserts into the membrane at low pH.
Nanogold Uptake by Cultured Cells. We compared the binding of gold-pHLIP or gold nanoparticles to cultured cells at neutral and low pHs. Nanoparticles (2 μM, 200 μL) were incubated with HeLa-GFP cells at pH 7.4 or 6.5. After 1 h, cells were washed, fixed, and stained with silver enhancement solution, resulting in the deposition of silver on gold nanoparticles to form micrometer-sized particles, which were visualized under a light microscope (Fig. 2) . The images on Fig. 2 were analyzed according to Eq. 2 (Methods) to establish the ratios of gold (and silver) concentrations between the cells treated with gold-pHLIP or gold nanoparticles and the untreated cells at pH 7.4 and 6.5. Cells treated with gold-pHLIP nanoparticles at both pHs ( Fig. 2 C and G) showed higher uptake of gold (threefold at pH 7.4 and 6.4-fold at pH 6.5) compared with cells treated with unmodified gold nanoparticles ( Fig. 2 B and F) . Cellular uptake of gold-pHLIP nanoparticles at pH 6.5 ( Fig. 2 G and H) was 1.6 times higher than that at pH 7.4 ( Fig. 2 C and D) . These data demonstrated the pH-dependent, pHLIP-mediated uptake of gold nanoparticles by cells.
Animal Studies. When s.c. HeLa tumors reached 5-8 mm in diameter, they were intratumorally or i.v. injected with gold nanoparticles, gold-pHLIP, and gold-K-PHLIP conjugates. At 24 h after intratumoral administration of 15 μg gold or gold-pHLIP nanoparticles, mice were euthanized, and the tumors and major organs were harvested. The amount of gold in the tissues and organs was established by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis ( Fig. 3A and Table S1 ). These results indicated that up to 8 μg (i.e., 54% i.d./g) of gold per gram of tumor was delivered by pHLIP and remained in the tumor after 24 h, compared to 0.7 μg/g (8% i.d./g) in the case of nonfunctionalized gold nanoparticles. Accumulation of gold was also observed in kidneys (about 2.1 μg/g). Because small particles (1.4 nm) were used in this study, it is likely that clearance was predominantly urinary, as has been observed with fluorescent-, PET-, and SPECT-labeled pHLIP constructs (13, 17) . We have previously observed that the pHLIP can accumulate in kidneys due to the low pH in the tubules (16, 25) .
I.V. administration was given as two consecutive injections within 24 h. Split dosing was used to avoid high-concentrationmediated aggregation. Each injection contained 150 μL of 20 μM gold-pHLIP, gold-K-pHLIP, or nonfunctionalized gold particles (i.e., 45 μg). Necropsies were performed 24 h after the last injection. These data showed that 1.4 μg of gold per gram (1.5% i.d./g) of tissue was delivered by pHLIP to the tumors ( Fig. 3B and Table S1 ). When pH-nonsensitive K-pHLIP was used as a delivery vehicle, tumor targeting was reduced threefold (0.47 μg/g or 0.5%). The uptake of gold-K-pHLIP was also reduced threefold in kidneys, and the distribution in other organs was similar to gold-pHLIP.
To assess distribution of these gold nanoparticles within the tissues, tumors, kidneys, and livers were collected and sectioned 4 h and 24 h after gold-pHLIP or gold nanoparticle administration. Silver enhancement was used to visualize the gold nanoparticles in tissue sections. The same conditions of silver enhancement were used for all slides shown in Fig. 4 . The amount of gold/silver correlated with the darkness of the tissue sections. These data show that gold distribution within the tumors, kidney, and liver were higher and uniform at both time points for gold-pHLIP injection than for unmodified gold administration.
The sections were further analyzed under a microscope with 10× ( Fig. 5 ) and 100× (Fig. 6) objectives. The gold distribution in tumors and livers ( Fig. 5 D and L) was homogeneous, in contrast to the distribution in kidneys (Fig. 5H) , where the gold was mostly accumulated in the cortex. Cellular localization was confirmed by staining of cell nuclei with DAPI (Fig. 6 ). The images of the tumor sections demonstrated that pHLIP was distributed throughout the entire tumor mass, penetrating to the cells in the tumor interior and labeling the extracellular space and cellular membrane ( Fig. 6 A-C).
Discussion
Gold nanoparticles are of interest as potential diagnostic and therapeutic agents in vivo, as they can be used as X-ray contrast agents (26) , radiation enhancers (27) , and laser (28, 29) and radiofrequency (30) thermotherapy enhancers. If tumors can be loaded with gold, this would lead to a higher dose to the cancerous tissue compared with the dose received by normal tissue during a radiotherapy treatment. Calculations indicate that the dose enhancement can be significant, as much as 200% or greater (27) . Gold nanoparticles are not toxic: the LD 50 of this material is ∼3.2 g (Au) per kg of body weight -1 (26) . Thus, the targeted delivery of gold nanoparticles could improve the treatment of cancers.
In general, one might suppose that specific delivery can be accomplished by conjugating gold or any other nanoparticle to antibodies or ligands that target proteins overexpressed on cancer cell surfaces, and this approach has been actively explored for many years for delivery of small molecules. However, several recent studies have raised serious questions on the efficacy of targeting ligands on nanoparticle accumulation in tumor tissues, showing that targeted nanoparticles did not accumulate more than nontargeted controls, although increased cellular uptake was observed in each case (31) (32) (33) . In addition, histological studies revealed that gold nanoparticles conjugated with antibodies do not penetrate deeply into tumors, but mostly stain peripheral tumor regions (34) . The direct injection of μm-sized gold particles does not lead to tumor targeting, as particles remain at the injection site and are not able to diffuse even within a tumor, hindering tumor coverage (22) .
In the present work, we report the promising finding that pHLIP can enhance i.v. delivery of gold nanoparticles to tumors by sixfold. On the other hand, nano-sized gold particles with no conjugated pHLIP were washed out quickly from tumors and other organs. Targeting with the pH-insensitive K-pHLIP (wherein two Asp residues were replaced by Lys) resulted in statistically significant threefold reductions of gold accumulation. We interpret these data as showing that the preferential distribution of pHLIP-targeted gold is mediated by the acidosis present in tumors and kidneys. The direct injection of gold-pHLIP into tumors resulted in nearly uniform labeling of cancer cells with gold nanoparticles throughout the entire tumor, revealing that the pHLIP targeting allows migration within acidic regions to target the entire mass. Direct injection resulted in accumulation Table S1 . Mean ± SEM values are shown; *P < 0.0001 vs. respective value of tumor uptake of gold targeted by gold-pHLIP. of 8.1 μg/g (54% i.d./g) in the tumor after 24 h. An N-fold increase in diameter gives N 3 increase in number of gold atoms per particle, so with gold particles of 14 nm it might be possible to increase the amount of gold 1,000-fold and to reach about 1% of gold of tumor mass, which is the amount that would be needed for a significant enhancement of the radiation therapeutic effect. Because the pHLIP-gold migrates to occupy the entire tumor, an excellent therapy might result.
This work demonstrates that pHLIP can mediate targeted delivery of nanoparticles to tumors and that direct injection can result in distribution throughout the tumor mass. Further improvements of nanoparticle coatings may be able to improve bioavailability, enhance tumor targeting, and reduce accumulation in nontarget organs. pHLIP technology can substantially improve the delivery of gold nanoparticles to primary tumors (and possibly metastatic lesions) by providing specificity of targeting, enhancing local concentrations, and improving retention in the tumor mass for an extended period (several days). were from Nanoprobes. A pHLIP peptide containing a single cysteine residue near its N terminus was conjugated with the single maleimide group on each nanogold particle. The progress of the coupling reaction was monitored by reversed phase HPLC. The concentration of peptide and nanogold was determined by absorbance at 280 nm (e = 13,940 M −1 ·cm −1 ) and 420 nm (e = 155,000 M −1 ·cm −1 ), respectively. CD Measurements. CD measurements were carried out on a MOS-450 spectrometer (BioLogic) at 25°C. Nonfunctionalized nanogold particles or nanogold-pHLIP conjugates were preincubated with 200 mol excess of POPC (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine from Avanti Polar Lipids) liposomes in 20 mM phosphate buffer, pH8.0. Liposomes with 50 nm diameter were prepared by extrusion. To induce the folding/insertion of peptide into the membrane lipid bilayer, HCl was added to lower the pH value from 8 to 4. CD signals of gold nanoparticles were taken as baseline signals and were subtracted from the corresponding signals of the nanogold-pHLIP conjugates.
Methods
Cell Lines. HeLa cells (human cervix adenocarcinoma, ATCC) without and with stable GFP expression were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% (vol/vol) FBS, 10 μg/mL of ciprofloxactin in a humidified atmosphere of 5% (vol/vol) CO 2 and 95% air (vol/vol) at 37°C. Some cells were adapted by serial passages to improve growth in low pH medium (pH 6.5). The pH 6.5 medium was prepared by mixing 13.5 g of dry DMEM with 0.2 g of sodium bicarbonate in 1 L of deionized water.
Experiments on Cultured Cells. HeLa-GFP cells grown in pH 6.5 or 7.4 media were seeded in an eight-chamber slide (Lab-Tek, Thermo Scientific). At 80% confluency, cells were treated at pH 6.5 or 7.4 with 2 μM of nanogold or nanogold-pHLIP in 200 μL of serum-free DMEM at 37°C under 5% CO 2 . Cells not treated with nanogold were used as negative controls. After incubation for 1 h, the treatment solution was removed and cells were washed twice with serum-free DMEM (pH 7.4) and once with sterile PBS (pH 7.4). Subsequently, the cells were fixed with cold methanol at -20°C for 15 min and then washed twice with sterile PBS (pH 7.4) and once with deionized water. After air drying, the chamber walls were removed and the cell slides were developed with freshly prepared HQ SILVER reagent (Nanoprobes). The reagent nucleates on the nanogold particles, resulting in the precipitation of metallic silver and the formation of micrometer-sized particles with low background. The developing time was varied until optimal conditions were found (about 20 min). Subsequently, the cell slides were rinsed twice with deionized water and viewed under a light microscope.
Estimation of Cellular Uptake of Gold/Silver Based on the Analysis of Cell Images. After silver staining, the brightfield images of cells were analyzed with the ImageJ program. For cells treated with nanogold, the mean intensities of the fields with cells (I i ) and without cells (I 0,i , background) were calculated. The concentration of gold/silver (c i ) can be represented as a mean intensity according to the Beer-Lambert law:
where A i is the absorbance; e is the extinction coefficient, and d is the thickness of the sample. For cells not treated with nanogold, c nt , I nt , and I 0,nt correspond to the concentration of gold/silver, measured as the mean intensities of the fields with and without cells, respectively. We assume that the extinction coefficient and thickness are the same for all slides, so that the ratio of concentrations can be calculated according to Eq. 2 by knowing the mean intensities.
Tumor Targeting in Mice. Athymic female nude mice ranging in age from 4 to 6 wk and weighing from 15 to 18 g were obtained from Harlan Laboratories; 38 mice were used in the study. Mouse tumors were established by s.c. injection of HeLa cells (10 6 cells/0.1 mL/flank) in the right flank of each mouse. When tumors reached 5-8 mm in diameter, intratumoral or tail vein injections of nanogold samples were performed. For intratumoral injection, 50 μL of 20 μM nanogold or nanogold-pHLIP in sterile PBS (pH 7.4) was given at each of three different spots in each tumor. For tail vein injection, two consecutive injections of 150 μL of 20 μM nanogold-pHLIP or nonfunctionalized nanogold and nanogold-K-pHLIP as controls were given within 24 h. Animals were euthanized at 4 or 24 h after the last injection. Necropsy was performed immediately after euthanasia. Tumors and major organs were collected for further histological analysis and study using ICP-MS. Noninjected mice with similar-sized tumors were used as negative controls. All animal studies were conducted according to the animal protocol AN07-01-015 approved by the Institutional Animal Care and Use Committee, University of Rhode Island, in compliance with the principles and procedures outlined in the National Institutes of Health Guide for the Care and Use of Animals.
Histological Analysis of Tumors and Organs. The excised tumors and organs were fixed in 4% formalin in PBS solution (pH 7.4) for 24 h at 4°C. Tissues were then rinsed with sterile PBS (pH 7.4), blotted dry, and placed in 30% sucrose in PBS solution for at least 24 h at 4°C. Samples were mounted in HistoPrep frozen tissue embedding medium (Fisher Scientific) and frozen in the quick freezer chamber of a cryostat (Vibratome UltraPro5000, GMI) at −80°C. Samples were frozen only one time, to minimize tissue damage. When the temperature of mounted frozen samples was equilibrated with the working chamber temperature (−12°C), the tissue was sectioned at a thickness of 10-20 μm. Sections were mounted on microscope slides coated with poly-lysine, dried in air, and washed with deionized water. Subsequently, silver enhancement of gold nanoparticles was carried out (developing time, 10 min). In some cases, further staining with DAPI was performed to stain cell nuclei. The stained section was covered with a drop of mounting medium (Permount, Fisher Scientific) and then a cover slide was placed over the medium. The slides were examined with an inverted fluorescence microscope (IX71 Olympus).
ICP-MS Analysis. Mouse tissue samples were dissolved in aqua regia, freshly prepared by mixing concentrated nitric and hydrochloric acids in a volume ratio of 1:3. If necessary, sonication or heating was used to facilitate the digestion of tissue samples. Then the concentrated sample solutions were diluted to 10 mL to give 2% nitric acid and analyzed via ICP-MS (Thermo-Scientific ×7 series) against calibration standards IMS 103 (UltraScientific).
